Transcription of the mitochondrial genome is performed by a single-subunit RNA polymerase (mtRNAP) that is distantly related to the RNAP of bacteriophage T7, the pol I family of DNA polymerases, and single-subunit RNAPs from chloroplasts [1] [2] [3] [4] . Whereas T7 RNAP can initiate transcription by itself, mtRNAP requires the factors TFAM and TFB2M for binding and melting promoter DNA [5] [6] [7] . TFAM is an abundant protein that binds and bends promoter DNA 15-40 base pairs upstream of the transcription start site, and stimulates the recruitment of mtRNAP and TFB2M to the promoter 8, 9 . TFB2M assists mtRNAP in promoter melting and reaches the active site of mtRNAP to interact with the first base pair of the RNA-DNA hybrid 10 . Here we report the X-ray structure of human mtRNAP at 2.5 Å resolution, which reveals a T7-like catalytic carboxy-terminal domain, an amino-terminal domain that remotely resembles the T7 promoter-binding domain, a novel pentatricopeptide repeat domain, and a flexible N-terminal extension. The pentatricopeptide repeat domain sequesters an AT-rich recognition loop, which binds promoter DNA in T7 RNAP, probably explaining the need for TFAM during promoter binding. Consistent with this, substitution of a conserved arginine residue in the AT-rich recognition loop, or release of this loop by deletion of the N-terminal part of mtRNAP, had no effect on transcription. The fingers domain and the intercalating hairpin, which melts DNA in phage RNAPs, are repositioned, explaining the need for TFB2M during promoter melting. Our results provide a new venue for the mechanistic analysis of mitochondrial transcription. They also indicate how an early phage-like mtRNAP lost functions in promoter binding and melting, which were provided by initiation factors in trans during evolution, to enable mitochondrial gene regulation and the adaptation of mitochondrial function to changes in the environment.
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We crystallized a fully functional variant of a recombinant human mtRNAP (residues 105-1230) that requires the presence of both TFAM and TFB2M for efficient transcription initiation on a doublestranded promoter DNA ( Supplementary Fig. 1 ). The structure was determined at 2.5 Å resolution by molecular replacement with the use of a truncated T7 RNAP structure as a search model 2 , and was refined to a free R-factor of 0.23 (Methods, and Supplementary Table 1) .
The mtRNAP structure has the shape of a right hand with palm, fingers and thumb subdomains, characteristic of the pol A family of Regions in mtRNAP that are not visible in the crystal structure include residues 592-602, 736-769 and 1086-1105. c, Superimposition of the active-centre regions of mtRNAP (grey) and the T7 RNAP initiation complex (PDB 1QLN, light pink) reveals a clenched conformation due to a roughly 25u rotation of the fingers subdomain around the O-helix axis. Template DNA is in blue, RNA in red. Conserved catalytic residues, residues implicated in NTP binding, and a sulphate ion are shown with sticks. nucleotidyltransferases (Fig. 1) . We use here the canonical polymerase domain nomenclature and the previously defined names for functional elements in T7 RNAP 2, 11 , even though these have functional implications that are not borne out in mtRNAP. The highly conserved palm in the C-terminal domain (CTD) superimposes well on the corresponding palm in T7 RNAP (root mean squared deviation 1.0 Å , 121 backbone atoms). The marked conservation of the active centre, including the O helix, suggests that the mechanisms of substrate binding and selection are conserved between mtRNAP and T7 RNAP 12, 13 . The O helix binds a sulphate ion with its residues R987, K991 and K853 (Fig. 1c) near the position of the phosphate groups of an incoming nucleoside triphosphate (NTP) in the T7 RNAP elongation complex 12, 13 . A portion of the thumb (residues 736-769) and the flexible specificity loop (residues 1086-1105) are not visible in the structure, but adjacent elements occupy almost identical positions in T7 RNAP, indicating that these elements have similar orientations and functions.
The most notable difference between the CTD of T7 RNAP and mtRNAP is the position of the fingers subdomain, which is rotated as a rigid body by roughly 25u approximately around the axis of the O helix, accompanied by a tilting of the O and Y helices (Fig. 1c) . These movements result in a 15 Å translation of the N-terminal part of the Y helix towards the promoter-binding domain (PBD). The observed position of the fingers domain is distinct from the previously observed positions in the 'closed' elongation-complex structure of T7 RNAP, in which the O helix is positioned to deliver the NTP into the active site 12 ( Fig. 1c) . We refer to this novel RNAP conformation as 'clenched'. The clenched conformation is unlikely to occur during the nucleotide addition cycle, because the entrance to the active site may be occluded by the conserved Y-helix residue Y1004, which was implicated in downstream duplex melting 14, 15 and is partly mobile in our structure. It is unclear whether the clenched conformation is functional or is a result of crystal packing. 
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The large N-terminal region of mtRNAP (residues 1-647; Fig. 1b ) shares no sequence homology with T7 RNAP. Nevertheless, the C-terminal part of this region (residues 369-647) is structurally similar to the N-terminal domain of phage RNAPs, and we therefore refer to it as the N-terminal domain (NTD). In particular, the six-helix bundle of the PBD in phage RNAPs, which includes helices D, E, F, G, I and J, has a counterpart in mtRNAP (Fig. 2) . However, there are tangible changes in the orientation of the PBD helices between mtRNAP and T7 RNAP (root mean squared deviation 9 Å ; 109 backbone atoms). In comparison with T7 RNAP, the N-terminal part of the PBD (residues 425-519) is rotated by 32u, whereas the C-terminal part (residues 567-654) is rotated by 24u in mtRNAP.
The structure further reveals the loops corresponding to the intercalating hairpin and the AT-rich recognition loop of T7 RNAP. The hairpin connects the conserved helices I and J and has a 14-residue insertion that is partly visible in the mtRNAP structure (Fig. 2a) . The loop that connects helices D and E of the PBD corresponds to the ATrich recognition loop but is shorter, whereas the D helix is extended by comparison with T7 RNAP (Fig. 2b, c) . Another significant difference in the NTD of mtRNAP is the alternative fold of the region at the position of subdomain H in T7 RNAP. It is likely that this region of the mtRNAP NTD undergoes refolding during the transition from initiation to elongation, to form a part of an RNA exit pore, as described for T7 RNAP 11, 14, 15 . It remains to be seen whether the observed conformation is specific for mtRNAP or whether it also occurs in T7 RNAP but has not yet been observed. In phage N4 RNAP, which is distantly related to T7 RNAP, subdomain H is absent (Fig. 2d) .
The NTD of mtRNAP is connected to a unique helical domain (residues 218-368) through an extended, nearly linear, proline-rich linker (Figs 1 and 3) . This domain consists of nine a-helices, of which four comprise two pentatricopeptide repeat (PPR) motifs found in plant and mitochondrial proteins [16] [17] [18] . We refer to this domain as the PPR domain. PPR-motif-containing proteins are apparently involved in RNA editing and processing 19, 20 , but their structures are unknown. Our structure of the PPR domain shows that the conserved residues of the PPR motif form the hydrophobic core of a helix-turnhelix fold and the interface between antiparallel a-helices (aD9 and aE9, aE9 and aF9, aF9 and aG9) and parallel helices (aE9 and aG9) (Fig. 3a, b) . The PPR domain interacts tightly with the NTD. Helices aA9 and aB9 form a large hydrophobic interface (about 950 Å 2 ) that includes the tip of the AT-rich recognition loop and its flanking helices aE and aD (Fig. 3c) . In addition, a salt bridge between R225 and E574 and numerous hydrogen bonds stabilize the PPR-NTD interface (Fig. 3c) .
The region located N-terminal of the PPR domain, called here the N-terminal extension, is mostly mobile, except for a single unassigned a-helix that docks to a hydrophobic pocket formed by aF9 and aG9 of the PPR domain (Fig. 3b) . The N-terminal extension of human mtRNAP is required for function, because deletion of the N-terminal 200 residues results in a truncated polymerase that is catalytically active but unable to initiate promoter-directed transcription ( Supplementary  Fig. 1) .
Footprinting experiments suggested that during transcription initiation mtRNAP (in complex with TFB2M) and T7 RNAP occupy 14 and 17 base pairs, respectively, of upstream promoter DNA 7, 10 (Fig. 4a) . The rest of the upstream promoter region in mammalian mtDNA (235 to 215) is covered by TFAM 7 , suggesting that mtRNAP and T7 RNAP use different modes of promoter binding. To explore this we modelled the putative trajectory of upstream promoter DNA in mtRNAP by superimposing the palm subdomains of mtRNAP and the T7 RNAP initiation complex 21 ( Fig. 4b) . In the resulting model, which remains tentative because DNA binding can cause structural changes, upstream promoter DNA runs along the NTD, and the template single strand descends into the mtRNAP active site (Figs 1c and 4b) . The tip of the specificity loop may reach into the major groove of promoter DNA and read the sequence between 26 and 211 base pairs while its base may interact with the phosphodiester backbone of a single-stranded DNA, essentially as in phage RNAPs 21, 22 . This is consistent with a functional analysis of point mutations in the specificity loop of yeast mtRNAP 23 .
Modelling also reveals structural differences in mtRNAP, relative to T7 RNAP, that may render mtRNAP reliant on the initiation factor TFB2M and responsive to activation by TFAM. In particular, the AT-rich recognition loop has distinct structures and functions in the two systems. In comparison with T7 RNAP, helix D is rotated away from the minor groove of DNA by 45u and the tip of the ATrich recognition loop is shifted by 22 Å (Fig. 4c) 
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extensive interactions with the PPR domain (Fig. 3c) . Consistent with this, a mtRNAP variant that lacks the PPR domain, and should contain a free AT-rich recognition loop, cannot initiate transcription (Supplementary Fig. 1 ). In addition, the positively charged residues important for promoter interactions by T7 RNAP are not conserved in the mtRNAP loop, and mutations R458A/R464A have no effect on transcription activity (Supplementary Fig. 2 ). These results indicate that human mtRNAP does not use its AT-rich recognition loop for promoter binding, explaining why it depends on transcription factors for initiation. The AT-rich recognition loop also has a different structure and function in RNAP of phage N4, where it recognizes a hairpin promoter 22 (Fig. 2d) . mtRNAP shows two additional structural differences relative to T7 RNAP that explain why it can not melt DNA and requires TFB2M for promoter melting. First, the position of the intercalating hairpin is not compatible with promoter melting as observed in T7 RNAP (Fig. 2b, c) . The tip of the loop is translated 7 Å away from its position in T7 and clashes with the template strand of DNA (Fig. 4b) . Second, a 25u rotation of the fingers domain towards the NTD (Fig. 1c) blocks access of the single-stranded DNA to the active site.
Two mechanisms of promoter melting may be considered. First, binding of TFB2M may reposition the intercalating hairpin so that it can function as in T7 and N4 RNAP 21, 22 . Second, DNA melting may be achieved not by the intercalating hairpin but by an unidentified structural element in TFB2M. To investigate this we constructed variants of mtRNAP lacking either five residues at the tip of the intercalating hairpin (D6132617) or lacking a preceding insertion (D591-601).
These mutant polymerases had an activity similar to that of the wild-type enzyme on a pre-melted 'bubble' light-strand promoter template (Fig. 4d ) but were essentially inactive on a double-stranded lightstrand promoter template, suggesting a role of the intercalating hairpin in DNA melting (Fig. 4d) . To explore this further, we built a model of a mitochondrial transcription initiation complex, which takes available structural 24 , biochemical and genetic data 10, [25] [26] [27] into account (Supplementary Fig. 3) . The model remains tentative but indicates that TFB2M may insert between the intercalating hairpin and thumb subdomain, to reposition the intercalating hairpin and the fingers, such that they function in promoter melting ( Supplementary Fig. 4 ). TFB2M may also reach near the active site to stabilize an early transcribing complex by binding the template strand and incoming NTP as suggested 10 .
METHODS SUMMARY
Human mtRNAP, TFB2M and TFAM were expressed and purified as described 10 . The coding sequences of human mtRNAP N-terminal deletion mutants D104 (residues 105-1230), D200 (201-1230) and D368 (369-1230) were amplified by PCR and cloned into vector pProEx(Hb) (Invitrogen), to express N-terminally hexahistidine-tagged proteins. Deletion mutants D613-617 and D591-601GG and substitution mutant R458A/R464A were obtained by site-directed mutagenesis (Quick-change; Stratagene). Transcription run-off reactions were performed with synthetic DNA templates as described 10 ( Supplementary Fig. 1 ). For crystallization, D104 mtRNAP was treated in situ with ArgC protease (1:1,000 w/w) for 1-2 h at 23 uC. Initial crystals were obtained in hanging drops over 12% poly(ethylene glycol) (PEG) 4000, 10% glycerol, 30 mM MES, 60 mM (NH 4 
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produced rod-shaped crystals of up to 0.3 3 0.1 3 0.1 mm 3 in size. Diffraction data were collected in 0.5u increments at 100 K on a MarCCD detector at the Swiss Light Source in Villigen, Switzerland (Supplementary Table 1 ). Data were integrated with MOSFLM 28 and scaled with SCALA 29 . The structure was solved by molecular replacement using the T7 RNAP structure 2 (PDB 1QLN) truncated to polyalanine and reduced to residues 246-354, 392-568, 691-741 and 766-883. The replacement solution was subjected to rigid-body refinement with . The model was iteratively built with COOT and refined with autoBuster (Global Phasing) to a final free R-factor of 23%. The refined structure includes residues 218-591, 603-611, 616-735, 770-1085 and 1109-1230. Residues 326-360 and the helix in the N-terminal extension were built as polyalanine because of poor sidechain density. Figures were prepared with Pymol (Schrödinger).
